The effect of monensin, an ionophore that mediates Na+/H+ exchange, on the activity of the inorganic carbon transport systems of the cyanobacterium Synechococcus UTEX 625 was investigated using transport assays based on the measurement of chlorophyll a fluorescence emission or 14C uptake. In Synechococcus cells grown in standing culture at about 20 ~L M CO, + HC03-, 50 p~ monensin transiently inhibited active COz and Na+-independent HC03-transport, intracellular COz and HC03-accumulation, and photosynthesis in the presence but not in the absence of 25 mM Na+. These activities returned to near-normal levels within 15 min. Transient inhibition was attributed to monensin-mediated intracellular alkalinization, whereas recovery may have been facilitated by cellular mechanisms involved in pH homeostasis or by monensin-mediated H+ uptake with concomitant K+ efflux. In air-grown cells grown at 200 p~ COz + HC03-and standing culture cells, Na+-dependent HC03-transport, intracellular HC03-accumulation, and photosynthesis were also inhibited by monensin, but there was little recovery in activity over time. However, normal photosynthetic activity could be restored to air-grown cells by the addition of carbonic anhydrase, which increased the rate of COz supply to the cells. This observation indicated that of all the processes required to support photosynthesis only Na+-dependent HC03-transport was significantly inhibited by monensin. Monensin-mediated dissipation of the Na+ chemical gradient between the medium and the cells largely accounted for the decline in the HC03-accumulation ratio from 751 to 55. The two HC03-transport systems were further distinguished in that Na+-dependent HC03-transport was inhibited by Li+, whereas Na+-independent HC03-transport was not. It is suggested that Na+-dependent HCO; transport involves an Na+/HCO,-symport mechanism that is energized by the Na+ electrochemical potential.
The effect of monensin, an ionophore that mediates Na+/H+ exchange, on the activity of the inorganic carbon transport systems of the cyanobacterium Synechococcus UTEX 625 was investigated using transport assays based on the measurement of chlorophyll a fluorescence emission or 14C uptake. In Synechococcus cells grown in standing culture at about 20 ~L M CO, + HC03-, 50 p~ monensin transiently inhibited active COz and Na+-independent HC03-transport, intracellular COz and HC03-accumulation, and photosynthesis in the presence but not in the absence of 25 mM Na+. These activities returned to near-normal levels within 15 min. Transient inhibition was attributed to monensin-mediated intracellular alkalinization, whereas recovery may have been facilitated by cellular mechanisms involved in pH homeostasis or by monensin-mediated H+ uptake with concomitant K+ efflux. In air-grown cells grown at 200 p~ COz + HC03-and standing culture cells, Na+-dependent HC03-transport, intracellular HC03-accumulation, and photosynthesis were also inhibited by monensin, but there was little recovery in activity over time. However, normal photosynthetic activity could be restored to air-grown cells by the addition of carbonic anhydrase, which increased the rate of COz supply to the cells. This observation indicated that of all the processes required to support photosynthesis only Na+-dependent HC03-transport was significantly inhibited by monensin. Monensin-mediated dissipation of the Na+ chemical gradient between the medium and the cells largely accounted for the decline in the HC03-accumulation ratio from 751 to 55. The two HC03-transport systems were further distinguished in that Na+-dependent HC03-transport was inhibited by Li+, whereas Na+-independent HC03-transport was not. It is suggested that Na+-dependent HCO; transport involves an Na+/HCO,-symport mechanism that is energized by the Na+ electrochemical potential.
Cyanobacteria actively transport and accumulate DIC as a source of C 0 2 for photosynthetic fixation. When the transport systems are fully induced by growth at low levels of DIC, the cells are able to utilize both C 0 2 and HC03-from the medium as substrate for transport . Although cyanobacteria have a constitutive, high-affinity C 0 2 transport system (Badger and Andrews, 1982; Badger and * Correspondina author; fax 1-905-828-3792. 1987; Espie et al., 1991b) , it is HC03-transport that provides the bulk of the DIC to the intracellular pool when growth [DIC] is low and the externa1 pH is alkaline Espie et al., 1991a) .
The mechanism by which HC03-transport occurs is not well understood. Recently, we have shown that the unicellular cyanobacterium Synechococcus UTEX 625 has two modes of HC03-uptake (Espie and Canvin, 1987; Espie and Kandasamy, 1992) , the physiological expression of which is detennined by the level of DIC experienced during growth (McKay et al., 1993) . Synechococcus cells grown with air bubbling (DIC = 200 PM) have an Na+-dependent HC03-uptake mechanism, whereas cells grown in standing culture (DIC = 20 PM) also utilize an Na+-independent uptake mechanism (Espie and Kandasamy, 1992; McKay et al., 1993) . The Na+-dependent HC03-transport system in air-grown cells is inactive in the absence of extemal Na+ and maximally active at 25 to 40 m Na+ (Kaplan et al., 1990; Miller et al., 1990) . In contrast, the Na+-independent transport system of standing culture cells actively transports and accumulates HC03-up to 1000-fold, even when extemal Na+ has been washed from the cells (Espie and Kandasamy, 1992) . However, a role for Na+ in the "Na+-independent" transport process cannot be completely ruled out, since a low level (~1 0 0 p~) of contaminant Na+ is always present during HC03-transport assays. Furthermore, the readdition of 25 mM Na+ to washed standing culture cells capable of Na+-independent HC03-transport resulted in a 30% increase in HC03-transport and accumulation (Espie and Kandasamy, 1992) . Thus, it is unclear whether Na+-dependent and Na+-independent HC03-transport represent two distinct transport systems or are manifestations of a single transport system differing only in the level ( m~ versus PM) of Na+ required to attain maximum activity.
Although it is well established that Na+ stimulates HC03- Espie and Kandasaniy Plant Physiol. Vol. 104, 1994 transport (see Kaplan et al., 1990; Miller, 1990; Miller et al., 1990) , the actual role played by Na+ in the HC03-transporting system of cyanobacteria has yet to be identified. Recent work that showed that HC03-enhanced "Na+ uptake (Kaplan et al., 1989 ) is consistent with the involvement of an inward flux of Na+ during HC03-transport. In Anabaena variabilis, this flux may be mediated by an Na+/H+ antiporter or by Na+ channels, since amiloride, an inhibitor of these activities, inhibited Na+-dependent HC03-transport (Kaplan et al., 1989) . In Synechococcus sp. PCC 7942, HC03-was found to stimulate amiloride-sensitive uptake of "Na+ from the medium. However, HC03-enhanced "Na+ uptake substantially only if the cells were preexposed to HC03-, suggesting that *'Na+ uptake occurred in response to a consequence of HC03-uptake rather than being directly coupled to it (Kaplan et al., 1989) . Other experiments that evaluated the effect of amiloride on the photosynthetic affinity of Synechococcus cells for DIC also suggested that amiloride did not inhibit Na+-dependent HC03-transport, although direct measurements were not made (Kaplan et al., 1989) . Thus, the role played by Na+ in the HC03-transporting systems of Anabaena and Synechococcus may be different (Kaplan et al., 1989) . In addition to a role in intracellular pH regulation via an Na+/H+ antiport, Na+ may act as an allosteric regulator or as a charge-balancing cation during HC03-transport (Reinhold et al., 1984; Miller, 1990) . Charge balancing might be thought to occur through a voltage-dependent Na+ channel or through a coupled Na+/HC03-symport (Kaplan et al., 1989; Miller, 1990) . In the latter case, the AiN,+ may also provide energy for HC03-transport. The possibility that Na+ may have more than one essential role in the HC03-transporting system should also be considered.
In the experiments reported here, we have examined. the effect of monensin and Li+ on Na*-dependent and Na+-independent HC03-transport and accumulation in the cyanobacterium Synechococcus UTEX 625. Monensin is a carboxylic polyether ionophore that, in artificial systems, causes the electroneutral exchange of Na+ for H+ and thereby collapses the Na+ gradient between the cells and the medium (Pressman, 1976; Pressman and Fahim, 1982) . Lithium is a known antagonist of Na+-dependent HC03-transport (Espie et al., 1988b) . These experiments provide information about the role of the Na+ ion gradient in HC03-transport and allow researchers the opportunity to make a further distinction between Na+-dependent and Na+-independent HC03-transport in Synechococcus UTEX 625.
MATERIALS AND METHODS

Organism and Growth
The unicellular cyanobacterium Synechococcus leopoliensis UTEX 625, also known as Synechococcus sp. PCC 6301 (University of Texas Culture Collection, Austin, TX), was grown photoautotrophically in unbuffered BG 11 medium (Allen, 1968) as described previously (Espie and Canvin, 1987; Espie and Kandasamy, 1992) . Cells capable of Na+-dependent HC03-transport (air-grown cells) were grown by bubbling cultures with air (70 mL min-') containing 0.35% COZ (v/v).
Cells capable of Na+-independent HC03-transport (standing culture cells) were grown in standing culture, where diffusion of atmospheric COZ into the culture was the sole means of CO2 delivery. Cells grown under both conditions have highaffinity active COz transport capabilities (Espie et al., 1991b; McKay et al., 1993) . At harvest, the pH of the growth medium was between 10 and 10.4 and the [DIC] was about 80 to 200 ~L M in air-grown cultures and about 20 p~ in stariding cultures (McKay et al., 1993) .
Experimental Conditions
Cellis were washed three times by centrifugation and resusperided in DIC-free (e20 p~) and Na+-free (<5 p~) 25 m~ BTP/HCl buffer, pH 8.0. A11 experiments were conducted at 3OoC and pH 8.0. White light to drive DIC transport and photosynthesis was provided at 100 pmol m-' s-' (PPFD) during measurements of O2 evolution and Chl u fluorescence emission and at 300 pmol m-' s-' during H14C03-uptake experiments. The [O2] during experiments was maintained between 5 and 100 PM by periodic sparging of cell suspensions with N2. The [Chl] was determined after extraction in methanol (MacKinney, 1941) and was between 5 and 14 pg mL-'.
Photosynthesis and Chl a Fluorescence Yield
Photosynthesis was measured as O2 evolution in a Clarketype electrode (Hansatech, Norfolk, UK) and was initiated by the addition of KHC03 to cells (1.5 mL) at the ( 3 0 2 compensation point. Changes in Chl a fluorescence einission were determined with a pulse amplitude modulation fluorometer (Schreiber et al., 1986 ; PAM 101, H. Walz, Effeltrich, Germany) as described previously (Miller et al., 19(21; McKay et al., 1993; Crotty et al., 1994) . A11 experiments were initiated with illuminated cells at the C 0 2 compensation point where the fluorescence yield was near FM* (Miller et al., 1991) . Fluorescence quenching is expressed as a percentage of Fv*, where Fv* = FM* -F,. The F, was determineti with darkadapted cells (5 min) as the fluorescence arisirig from cells illuminated with the weak pulse-modulated light beam alone.
HC03-Transport
Transport of HC03-was monitored in three different ways. First, HC03-transport was inferred when measured rates of DIC transport or photosynthesis exceeded the rate that could be supported by COz produced from the spontaneous dehydration of HC03-in a closed system (Espie et al., 1988a) . Second, active transport and intracellular accumulation of HC03-results in a characteristic quenching of Chl a fluorescence, which was used to indirectly indicate the occurrence of this cvent (Miller et al., 1991; Espie and Kandasamy, 1992; Crotty et al., 1994) . The initial rate of fluorescence quenching was used to provide an estimate of the initial rate of HC03-transport: the faster the rate of quenching, the faster the rate of transport (Crotty et al., 1994) . The extent of fluorescence quenchxng provided an estimate of the size of the intemal DIC pool: the larger the pool, the greater the extent of quenching (Miller et al., 1991) . Third, H14C03-uptake and accumulation was measured directly using the silicone fluid filtering centrifugation technique (Miller et al., 1988a) . Acidstable and acid-labile fractions were determined according to Espie et al. (1988b) and the intracellular [DIC] was calculated using an intemal volume of 49 or 62 WL mg-' Chl for airgrown and standing culture cells, respectively (Espie and Kandasamy, 1992).
C 0 2 Transport
Aqueous solutions of CO, were prepared by continuously gassing acidified (2 m~ HCl), ice-cold distilled H 2 0 with 5% (v/v) COz in Nz to give a 3.9 m~ stock. Buffered (pH 8) cell suspensions in the 0 2 electrode were provided with 10 to 12 C(M COZ from the stock and the initial rate of Chl a fluorescence quenching was used to follow the initial rate of CO, transport (Espie et al., 1991b ). About 90 s is required for COz to reach equilibrium with HCO3-. Consequently, much of the quenching observed during the first 30 s of the time course following C 0 2 addition will reflect DIC accumulation mediated by the COz transport system. In a few experiments COz transport was followed using a VG Gas Analysis (Middlewich, UK) aqueous inlet mass spectrometer (Miller et al., 1988a) .
Calculations
The equation (Cramer and Knaff, 1991) was used to calculate the maximum [HC03-]i/[HC03-], accumulation ratio when HC03-transport was assumed to occur through an Na+/HC03-symport driven by the transmembrane AF.N=+. The electrochemical potential for S = HC03-or S = Na+ was calculated from where F is the Faraday constant, 96.5 kJ V-' mol-', R is the gas constant, 8.314 X 10-3 kJ mol-' K-', T is the temperature in K, z is the electric charge of the ion (-1 or +l), ApNa is equal to log [Na+],/[Na+Ii, A+ is the transmembrane electric potential difference, and n is the number of Na+ ions transported per HC03-. Empirical values for A+ (-0.125 V), [Na+Ii (11.5 m~ when [Na+], = 25 mM), and A,ÜNa+ were taken from the comprehensive studies of Ritchie (1991 Ritchie ( , 1992b for the cyanobacterium Synechococcus PCC 7942.
Chemicals
CA, BTP, and the sodium salt of monensin were obtained from Sigma. Monensin was dissolved in ethanol.
RESULTS
Effect of Monensin on Photosynthesis and Fluorescence Yield in Air-Crown Cells
In agreement with previous studies (Espie and Kandasamy, 1992; Crotty et al., 1994), 25 m~ Na+ enhanced the initial rate and extent of fluorescence quenching and photosynthesis following the addition of 20 C(M DIC (98.4% HC03-+ 1.6% CO,) to air-grown cells of Synechococcus UTEX 625 (Fig. 1 , traces A, B, A', and B'). The rate of photosynthesis was 7-fold greater than the COz supply rate, and thus HC03-uptake must occur to provide the additional carbon needed to support photosynthesis. Previous studies (Espie et al., 1991b; Miller et al., 1991; Crotty et al., 1994) have also shown that C 0 2 and HC03-transport can be indirectly followed by monitoring changes in Chl a fluorescence yield upon the addition of COz or HC03-to a cell suspension. The quenching of Chl a fluorescence in the presence but not in the absence of 25 m~ Na+ was consistent with the occurrence of Na+-stimulated HC03-transport in air-grown cells. Within a few minutes, DIC added to the cell suspension was consumed by photosynthesis and fluorescence yield retumed to near FM*.
Monensin at 50 C(M completely blocked Na+-dependent (as KHCO,) to cells at t h e COz compensation point and near FM*. Simultaneous measurements of Chl a fluorescence yield (top, A-E) and photosynthetic O2 evolution (bottom, A'-E') were made sequentially (A, A'); in standard buffer (-Na+) containing (B, B') 25 mM NaCI; (C, C') 25 mM NaCl + 50 p~ monensin; (D, D') as in (c, C') 15 min later; (E, E') 25 mM NaCl + 50 p~ monensin + 25 pg mL-' CA. The individual traces have been manually overlaid to facilitate comparison. The calculated rate of photosynthesis supported by COZ uptake alone was 10 pmol Oz mg-' Chl h-', whereas the measured rate is indicated beside each trace in the bottom panel. fluorescence quenching and photosynthetic O2 evolution (Fig.  1 , traces C and C'), as we have previously reported (Miller et al., 1988b) . After about 15 min in the presence of monensin, a small recovery in HC03--induced fluorescence quenching and photosynthetic activity was observed (Fig. 1, traces   D and D') . However, the recovered activity never substantially exceeded the level found in the absence of Na+, even 60 min after the initial exposure to monensin (not shown). Monensin inhibition of Na+-dependent fluorescence quenching and photosynthesis could be largely reversed by CA (Fig.   1 , traces E and E') or 1 m~ DIC (not shown). The fact that photosynthetic O2 evolution and electron flow from PSII to COz resumed in the presence of extemal CA indicated that monensin did not collapse the transthylakoidal pH gradient, inhibit photosynthetic electron transport directly, or block photosynthetic carbon. metabolism. The lack of HC03--induced fluorescence quenching in the presence of Na+ and monensin ( Fig. 1 , traces C and C') thus suggests that monensin inhibited Na+-dependent HC03-transport, possibly by collapsing the Na+ gradient behveen the medium and the cells.
When monensin was added to a cell suspension that had previously been allowed to concentrate HC03-internally, as judged by the onset of maximum fluorescence quenching (Miller et al., 1991; Crotty et al., 1994) , there was an immediate nse in fluorescence yield to a level approaching FM* (Fig. 2) . Thus, monensin not only appeared to block the initial, Na+-dependent uptake of HCO3- (Fig. I) , but also caused the dissipation of an existing steady-state pool of HC03- (Fig. 2) . Again, the effect of monensin was largely reversed by CA (Fig. 2) . This result indicates that monensin did not simply increase the permeability of Synechococcus cells to HC03-because the cells were apparently able to retain a sufficiently large DIC pool to support photosynthesis at one-half the control rate. Similar effects were also caused by 5 p~ monensin, but a 4-to 5-min preincubation was necessary for maximum effect (not shown).
Effect of Monensin on Standing Culture Cell Photosynthesis and Fluorescence Yield
Cells grown in standing culture are capable of Na+-independent HC03-transport and accumulation (Espie and Kandasamy, 1992). This was evident from the results shown in Figure 3 , where a rapid rate of fluorescence quenching and photosynthetic O2 evolution occurred, in the absence of Na', following the addition of 20 p~ DIC (Fig. 3, traces A and A' ). Under these conditions, monensin at a concentration of up to 400 p~ had little effect on fluorescence quenching or photosynthetic O2 evolution (Fig. 3, traces B, C, B' , and C').
Because monensin was added as the sodium salt, the extemal [Na+] was at least 0.4 m. The photosynthetic affinity of standing culture cells for DIC was high and unaffected by monensin (KosDIC = 7 and 5 p~, & 50 p~ monensin), as was the DIC-saturated rate of photosynthesis (105 versus 98 pmol O2 mg-' Chl h-I).
As with air-grown cells, 25 mM Na+ stimulated HC03--induced fluorescence quenching and photosynthesis in standing culture cells, but to a much lesser extent (Fig. 4, traces A, B, A', and B'). In the presence of 50 p~ monensin and 25 m~ Na+, the initial rate of HCOs--induced (20 p~) fluores- cence quenching was usually 70 to 90% of the control level, but then quenching either abruptly stopped (Fig. 4, trace C ) or proceeded at a reduced rate (not shown). Photosynthetic O2 evolution proceeded at less than one-third the control rate under these conditions (Fig. 4, trace C' ). In time, the cells photosynthetically consumed the added HC03-m d the fluorescence yield retumed to FM*. The inhibitoiy effect of monensin did not persist, however (Fig. 4, traces D and D' ).
After about 15 min, HC03--induced fluorescence quenching and photosynthesis occurred at a rate equivalent to at least the pre-Na+ rate. Thus, monensin does not appear to inhibit Na+-independent HC03-transport over the long term, but, in the presence of 25 m~ extemal Na+, did appear to have short-term effects.
Effect of Monensin on Na+-Dependent HC03-Transport and Accumulation
Measurements of photosynthesis and Chl a fluorescence yield provided indirect evidence that monensin inhibited Na+-dependent HC03-transport, but not Na+-independent HC03-transport (Figs. 1-4) . To confirm this, direct measurements of H'*C03-transport and accumulation were undertaken using the silicone fluid filtering centrifugation method (Fig. 5) . As predicted by the fluorescence measurements, Na+ enhanced both the initial rate (10 s) and intracellular accumulation of DIC. The initial rate of uptake was 3-fold greater than the COZ supply rate, whereas the rate of COZ fixation, after 60 s, was 7 times greater, indicating that much of the observed transport was due to active HC03-uptake. Monensin reduced photosynthetic C fixation into acid-stable products, after 60 s, to 20% of the +Na+ control. The initial rate of HC03-uptake (10 s) was reduced to 7%, whereas intracellular accumulation of DIC, after 60 s, was only 11 % of the +Na+ control level. In the presence of 25 m Na+, 41 and 8% of the added DIC was fixed after 60 s in the absence and presence of monensin, respectively, leaving no more than 18.9 or 29.4 PM present in the extemal environment. The HC03-accumulation ratio was, therefore, calculated to be 751 and declined to 55 in the presence of monensin (Fig. 5) , whereas AF.HcO3-declined from 29.3 to 22.7 kJ mol-'.
Time, min Figure 3 . Effect of monensin on Chl a fluorescence yield (top, A-C) and photosynthetic O2 evolution (bottom, A'-C') of cells (5 pg Chl mL-') grown in standing culture. Simultaneous measurements were made in 25 m M BTP/HCI buffer, pH 8, with no added NaCI, in the presence of (A, A') O; (B, B') 200; or (C, C') 400 p~ monensin (sodium salt). The experiment was started by the addition of 20 p~ DIC (as KHC03) to cells at the COz compensation point and near fM*. The control rate of photosynthesis was 91, whereas the COzsupported rate (----) could be no greater than 1 1 pmol O2 mg-' Chl h-l.
The effect of monensin on transport and intracellular DIC accumulation was reversed by 25 p g mL-' CA (Fig. 5) . CA catalyzes the interconversion of HC03-and COZ, thereby relieving the rate limitation imposed on active COZ transport by the slow dehydration of extemal HC03-. CA has previously been shown to stimulate COz uptake and intracellular accumulation of DIC in air-grown cells when HC03-transport was inhibited by the lack of Na+ (Miller and Canvin, 1985; Espie et al., 1988a Espie et al., , 1988b . This effect was dependent upon the catalytic activity of CA. Thus, it is likely that in the presence of CA, active CO2 transport was responsible for the accumulation of the intemal DIC pool and that CA did not directly relieve the inhibition of Na+-dependent HC03-transport caused by monensin. An increased rate of active COZ transport would also explain the CA-mediated recovery of Chl a fluorescence quenching and photosynthetic Oz evolution observed in Figures 1 and 2 .
Effect of Monensin on CO, Transport
The CA-mediated recovery of fluorescence quenching, photosynthesis, and DIC accumulation (Figs. 1, 2, and 5) implied that monensin had little effect on active COz transport. To test this suggestion, both standing and air-grown cultures were provided with 10 PM COz and transport was followed using the fluorescence quenching assay (Espie et al., 1991b; McKay et al., 1993 ). In the presence of 100 PM NaC1, monensin had little effect on fluorescence quenching or photosynthesis (Fig. 6, I and 111) . In the presence of 25 mM NaCl, however, COz transport and photosynthesis were substantially reduced when assayed 1 min after monensin addition (Fig. 6, I1 and IV) . As in the case of Naf-independent HC03-transport, the effect of monensin did not persist. After 15 to 30 min of exposure to monensin, COz transport and photosynthesis recovered to near control levels. The initial effect of monensin was more pronounced with airgrown cells. In severa1 experiments with standing culture cells, the effect of monensin on COZ transport was also determined by following COz uptake by MS. After 15 min of exposure, little effect of monensin was noted (not shown).
Effect of Monensin on Na'hdependent HC03-Transport
The effect of monensin on HC03-uptake was also determined for cells grown in standing culture. Control timecourse experiments indicated rapid uptake and accumulation of a large intemal DIC pool both in the absence and in the presence of 25 m Na+ (Fig. 7) . The [DIC]i/[DIC], ratio was calculated to be 725 and 968, respectively. Following a 15-min preincubation with monensin (f25 mM Na+), HC03-transport, intracellular accumulation, and C fixation in standing culture cells was found to be nearly unaffected by the treatment. This lack of a substantial effect cannot be simply attributed to an inability of monensin to permeate to the plasma membrane, since monensin treatment did result in transient effects on fluorescence yield and photosynthesis in standing culture cells (Figs. 4 and 6) . The results shown in Figure 7 , therefore, indicate that monensin had little longterm effect on Na+-independent HC03-transport in standing culture cells. Plant Physiol. Vol. 104, 1994 - 1 1 1 1 1 1 1 1 1 1 1 were made sequentially (A, A') in standard buffer (-Na+), containing (B, B') 25 mM NaCI; (C, C') 25 mM NaCl + li0 PM monensin; (D, D') as in (C, C') 15 min later. The rate of photosynthesis in pmol O2 mg-' Chl h-' is given beside the traces (A'-D'). The maximum rate of photosynthesis that could be wpported by C 0 2 uptake under these conditions was 10.
Effect of Li+ on HC03-Transport
It has been established previously that Li+ inhibited Na+-dependent HC03-accumulation and photosynthesis in airgrown cells of Synechococcus UTEX 625 (Espie et al., 1988b) . Therefore, it was of interest to determine the effect of Li+, if any, on Na+-independent HC03-transport in standing culture cells (Table I ). LiCl at 20 m reduced Na'-independent HC03-accumulation by about 11%. However, 20 m KCl also caused about the same degree of inhibition, suggesting that the effect was not specific to Li+. LiCl at 50 m caused at most a 40% reduction in the extent of fluorescence quenching and a 20% reduction in O2 evolution (not shown). The 20 to 30% enhancement of HC03-accumulation in standing cultures caused by Na+ was blocked by 20 m LiCl (Table I) .
A much more substantial (4-fold) and reversible effect of 20 m Li+ on Na+-stimulated HC03-accumulation was seen in air-grown cells. At 50 m LiCl, however, the effect of Li+ could not be reversed by the [Na+] tested. In general, there was little evidence from measurements of photosynthesis, fluorescence quenching, or DIC accumulation experiments for a specific inhibition of Na+-independent HC03-uptake by Li+.
DISCUSSION
Role of Na+ in HC03-Transport
Synechococcus UTEX 625 cells, when grown on low levels of DIC, actively transport and accumulate HC03-. Air-grown cells require about 25 m extemal Na+ to attain maximum HC03-transport activity (Kaplan et al., 1990; Miller et al., 1990) . Synechococcus cells also actively extrude Na+ (Paschinger, 1977; Ritchie, 1992b) through an Na+/H+ antiporter (Blumwald et al., 1984) or a primary Na+ pump (Brown et al., 1990; Ritchie, 1992b) . The active extrusion of Na+ generally maintains [Na+], below [Na+],, (Dewar and Barber, 1973) and creates an electrochemical poteritial for Na+, (Ritchie, 1992b) . In Synechococcus PCC 7942, AiiN,' has been measured to be about -13.9 kJ mel-.' at an [Na+], of 25 m (Ritchie, 1992b ). The energy conserved in A,&,+ may, therefore, serve as an energy source for the secondary active transport of anions. The Na+ electrochemical potential comprises an electrical component, A+, and a chemical component, ApNa. The inhibitory effect of monensin, which dissipates ApNa, on Na+-dependent HC03-tansport suggests that at least this component of a , ü~~+ plays a role in this transport process. For a A,üNa+-driven nNa+/HC03-symport to account for a HC03-accumulation of 751-fold ( Fig. 5 ; AiiHc~s-= 28.8 kJ mol-'), a 2.1:1 stoichiomeiq is required (where II = -A,üHCo3-/AiiNa+; Cramer and Knafl, 1991) . Given that some of the accumulated DIC will be bound intemally and that the active COz transport system will also contribute some of the accumulated DIC, a 2:l ratio seems to be the minimum energetically feasible stoichiometry for an Na+/ HCO:; symport mechanism. With this stoichiometry, both the prevailing ApNa (Ritchie, 1992b) and A+ are required to energize transport. However, A+ would be the most significant contributor, since ApNa alone would only support an HCO:,-accumulation ratio cf 5, assuming that [Na+] , is 25 m and [Na+], is 11.5 mM (Ritchie, 1992b NaCl + 50 p~ monensin; (o, +) 25 mM NaCl + 50 p~ monensin + 25 pg mL-' CA. Shown are time courses for (A) 14C fixation into acid-stable products of photosynthesis and (B) intracellular [DIC] . lntracellular [DIC] was calculated based on an intracellular volume of 49 pL mg-' Chl.
Theoretically, monensin dissipates ApNa by the electroneutral exchange of Na+ for H' without affec.ting A+ (Pressman, 1976; Pressman and Fahim, 1982) . That monensin dissipated ApNa in a cyanobacterium has been demonstrated by Brown et al. (1990) for Oscillatoria brevis. With ApNa equal to zero (+monensin) and A+ equal to -125 mV (Ritchie, 1991) , the maximum theoretical HC03-accumulation ratio (Eq. 1) would be about 129-fold (assuming 2:1, Na+:HC03-). This latter value was 2.3-fold greater than the actual ratio (55, Fig.  5 ) measured in the presence of monensin. Thus, the decline in the HC03-accumulation ratio was more than adequately accounted for by dissipation of ApNa. The decrease in the HC03-accumulation ratio was also adequate to account for the observed decrease in C fixation and O2 evolution. Ritchie (1991) Therefore, the present data are consistent with Na+/HC03-symport as the mechanism behind Na+-dependent HC03-transport and indicate a role for ApNa in the energization of the process. The role of the other component of A,&=+, A+, in energizing Na+-dependent HC03-transport has not yet been evaluated. However, based on theoretical calculations, it is vital to the operation of a Na+/HC03-symport.
A role for the Na+/H+ antiporter (Blumwald et al., 1984; Kaplan et al., 1989) in Na+-dependent HC03-transport should not be excluded, however. First, the Na+/H+ antiporter may serve to complete the Na+ cycle by extruding recently transported Na+, whereas H+ uptake would neutralize the OH-generated by HC03-dehydration during CO2 fixation, thereby maintaining a constant interna1 pH. Second, an electoneutral or electrogenic Na+/H+ antiporter may be directly involved in the generation of AFN,+ to power Na+/ HC03-symport (Krulwich and Guffanti, 1989) . Kaplan et al. (1982) have shown that the addition of HC03-to cells of the filamentous cyanobacterium Anabaena variabilis caused A+ to transiently hyperpolarize. This observation is in contrast to transient depolarization that would be expected of a 2:l Na+/HC03-symport mechanism. The work by Kaplan et al. (1982) was conducted prior to the discovery of Na+-dependent and Na+-independent HCO3-transport and, thus, there is some uncertainty as to the means by which
Tlme, mln Figure 6 . Effect of monensin on CO,-induced fluorescence quenchingand photosynthetic O2 evolution in (I, II) standingculture and (111, IV) air-grown Synechococcus cells (8-10 pg Chl mL-') in the presence of (I, 111) Anabaena transported HC03-. However, their work (see their fig. 6 ) clearly showed that the rate of photosynthesis was unaffected by the remova1 of Na+ from the reaction medium, reminiscent of Synechococcus UTEX 625 standing culture cells (Espie and Canvin, 1987) . Subsequent work with Anabaena and Synechococcus (reviewed in Kaplan et al., 1990; Miller, 1990) has shown that in cells that rely on Na+-dependent HC03-transport to acquire DIC for photosynthesis, remova1 of Na+ from the reaction medium greatly impairs HC03-transport and photosynthesis. It would seem reasonable to conclude that the experiments reported by Kaplan et al. (1982) used cells that employed the Na+-independent HC03-transport mechanism. Thus, our proposal is not inconsistent with the data or proposals of these workers. Experiments to evaluate the effects of Na+-dependent HC03-transport on A$ need to be conducted.
'
Distinction Between Na+-Dependent and
Na+-lndependent HC03-Transport
In contrast to the prolonged inhibitory effect on Na+-dependent HC03-transport in air-grown cells, Li+ and monensin had no substantial, long-term effect on Na+-independent HC03-transport in standing culture cells, either in the presence or in the absence of extemal Na+. Thus, the differential effect of Li+ distinguishes the two systems on the basis of substrate specificity, whereas the lack of a requirement for ApNa in Na+-independent HC03-transport distinguishes the two systems energetically. A role for micromolar levels of Na+ in Na+-independent HC03-uptake cannot be excluded and it may potentially function as a charge-balancing cation during HC03-uptake or as an allosteric effector.
Millimolar levels of Na+ stimulated HC03-transport and accumulation in standing culture cells (Espie and Kandasamy, 1992) . In many ways the response of standing culture cells to Na+ was similar to that observed in air-grown cells, although much decreased in magnitude. Monensin inhibited this Na+-dependent activity in standing culture cells without long-term inhibition of Na+-independent HC 0 3 -uptake, confirming the differential effect of monensin on the two transport systems and the requirement for ApNa in the Na+-depenclent HC03-transport system.
Additional Effects of Monensin
In acldition to inhibition of Na+-dependent Hco3-transport, monensin transiently inhibited COz and Na+-independent HC03-transport, resulting in a brief cessation of photosynthesis. These effects may be related to a transient alkalinization of the intracellular space due to monensin- mediated H+ extrusion. With time native cellular transport mechanisms may reduce the intracellular pH, resulting in restoration of a11 but the Na+-dependent HC03-transport activity. Furthermore, although monensin is generally considered to mediate Na+/H+ exchange, it is also capable of mediating K+/H+ exchange (Na+:K+ selectivity = 16:l) and will bring a11 cations that it can transport to equilibrium (Pressman and Fahim, 1982) . Since ApK favors efflux, monensin will, in addition to mediating Na+ influx and H+ efflux, mediate K+ efflux and H+ influx. Monensin-mediated fluxes of Na+, K+, and H+ have been observed in red blood cells (Painter and Pressman, 1982) and in several grampositive bacteria (Delort et al., 1989; Russell and Strobel, 1989) . Depending on the ionic gradients and the rates of exchange, the initial alkalinization of the cytosol, mediated by Na+ exchange, will with time be countered by K+/H+ exchange-mediated acidification, resulting in net Na+ in/K+ out exchange and a retum of the cytosol to a physiological pH. It seems unlikely, however, that the K+/H+ exchange activity of monensin alone could account for the transient inhibition of COZ and Na+-independent HC03-transport. In the experiment reported in Figure 3 , extemal [Na+] was nominally 0.4 m~, whereas intemal [Na+], estimated from the data of Ritchie (1992b) , may be around 1.8 mM. Since extemal K+ was present at a contaminant level, monensin should mediate both Na+ and K+ efflux coupled to H+ influx. The fact that there was no transient inhibition of HC03-transport, fluorescence quenching, or photosynthesis indicated that the K+/H+ exchange activity was relatively harmless and was not responsible for the transient inhibition observed at 25 mM extemal [Na+] , where monensin would mediate intracellular alkalinization.
CONCLUDINC REMARKS
Recent studies of membrane transport in cyanobacteria indicate that a number of physiologically important anions are taken up through Na+-dependent mechanisms. The transport of C1- (Ritchie, 1992a (Ritchie, , 1992c and P04*- (Valiente and Avandano, 1993) require micromolar levels of Na+, whereas Nos- (Rodriguez et al., 1992; Lara et al, 1993 ) and HC03-(Kaplan et al., 1984 , 1990 Miller et al., 1984 Miller et al., , 1990 Espie et al., 1988b Espie et al., , 1991a require millmolar levels of Na+ for maximum transport activity. Monensin inhibited transport of a11 four anions, suggesting a common role for ApNa in the transport process. An Na+ cycle has been demonstrated in several alkalophilic bacteria in which a secondary Na+/H+ antiporter extrudes Na+ and generates AiiNa+ while Na+/ solute symporters complete the cycle and consume &iNa+ (Krulwich and Guffanti, 1989) . The requirement for ApNa, a component of Ai&+, suggests that an Na+ cycle may be operative in certain alkalotolerant cyanobacteria.
